The high oxide ion conductivity of the proposed sodium strontium silicate ion conductors 
Introduction
Strontium silicate SrSiO 3 surge of interest in these new phases. 1 More impressively, higher conductivity was reported in the Na analogues with the highest total conductivity of 1.79 x 10 -2 S.cm -1 at 550 °C reported in the Sr 0. 55 Na 0.45 SiO 2.775 composition. 2 The extraordinarily high values of oxide ion conductivity reported for these phases placed them at a level competitive with the state-of-the-art oxide ion conducting ceramics currently used with significant room left for further development through chemical and microstructural optimisation.
The oxygen vacancies proposed in these structures, which were assumed as the mobile defect responsible for the high level of conductivity observed, represented a new concept for designing oxide ion conducting electrolytes. Firstly, alkali metals are typically avoided in high temperature oxide ion conductors due to their ability to be highly mobile at low temperatures in solid state materials such as the well-known Garnets. 3 However, it has been demonstrated that Na containing oxide ion electrolytes can exist and in which the oxide ion is responsible for the high levels of conductivity. 4 Secondly, oxygen vacancies on SiO 4 tetrahedra are seldom observed in the solid state, though in this instance it was postulated that the vacancies would stimulate the formation of bridging oxide ion located between two normal oxygen sites which could be part of the mechanism for rapid oxide ion conductivity. This mechanism was supported by a 29 Si solid state Nuclear Magnetic Resonance (NMR) study by Kuang and Wu et al.
confirming the existence of a Si signal indicating breaking of the Si 3 O 9 rings into Si 3 O 8 chains,
proposing the formation of linked tetrahedral Si in the rings. However, a high resolution powder neutron diffraction investigation suggested that whilst they observed single phase materials with the chemical composition as nominally written, they did not observe interstitial oxygen ion formation in the Fourier nuclear density difference maps from Rietveld refinements but rather oxygen vacancies in the planar oxygen sites of the corner sharing tetrahedral units of Si 3 O 9 . 6 Finally, the continuous increase reported in total conductivity as a function of alkali ion concentration absent of any obvious dopant defect interactions was very surprising as all previous oxide ion conducting systems had an optimal defect concentration for maximising total conductivity. Acceptor doped oxides typically produce a conductivity maxima at significantly lower substitutional levels than those reported in these materials, 7, 8 which is associated with the formation of dimer and trimer associates, 9 but higher order clusters are possible, leading to the formation of nano-domains of secondary phases, detrimental to total conductivity.
An in operando demonstration of these new oxide ion conducting electrolyte materials was reported that appeared to validate these materials as superior oxide ion conducting electrolytes, with excellent fuel cell performance results. 10 The report also concluded the Sr 0. 55 13 Furthermore, the latter study theoretically demonstrated the high energetic costs of anion defect formation in the Sr 1-
x Na x SiO 3-x composition, suggesting their formation as unlikely. 13 Further experimental work by
Tealdi et al. 14 , Lossila et al. 15 , Huang et al., 16, 17 ourselves, 18 and ab initio molecular dynamics simulation, 19 have since suggested this behaviour is true across all analogous structures, both K and Na proposed solid solutions.
The mobility of Na + has been directly probed through the use of variable temperature 23 Na NMR and spin−lattice relaxation times in the laboratory frame (T 1 ) measurements in 10 This decrease in activation energy is somewhat contradictory with the well described "mixed alkali effect" 31 and an opposite trend has been observed for the mixed Na/K disilicate system, 23 hence the importance to rationalize the high temperature 23 Na NMR behaviour.
More recently, Hu et al. 32 performed a multinuclear solid state NMR investigation in an attempt to determine the structure, chemical composition and ion dynamics of all species in various levels of Na substituted SrSiO 3 . Interestingly and contrary to most recent work [11] [12] [13] [14] 18, 20 the authors suggest up to 10 mol% Na substitution is possible on the Sr site in the SrSiO 3 lattice, with concentrations above this value causing phase separation to occur and leading to the formation of, to the best of our knowledge, a previously unreported amorphous β-Na 2 Si 2 O 5
phase. The proposed phase separation on increasing Na concentration above 10 mol% is unusual and this amongst other issues are addressed in further detail during the main body of this work.
since it was recently postulated by ab initio molecular dynamics simulation that while 23 Na static NMR spectra were also obtained with an echo sequence (τ = 30 µs). 23 Na MAS NMR spectra were obtained at a MAS frequency of 10 kHz with a one pulse sequence. All 23 Na 90 degree pulse were of 1.5 µs at a rf field amplitude of 83 kHz on the MAS probe and of 13 µs at a rf field amplitude of 9.6 kHz on the static laser probe (unless otherwise specified). The one dimensional 29 Si NMR spectra were obtained at a MAS frequency of 10 kHz with a one pulse sequence using 90 degree pulse of 5 µs at a rf field amplitude of 50 kHz. One dimensional 23 Na NMR spectra were obtained at a MAS frequency of 30 kHz with a one pulse sequence using solid 90 degree pulse of 1.25 µs at a rf field amplitude of 100 kHz.
All 17 O, 23 Na and 29 Si shifts were externally referenced to H 2 O, 1 M NaCl in H 2 O and Si(CH 4 ) 3 at 0 ppm, respectively. (Figure 1a ) was refined in space group C2/c with lattice cell parameters and atomic coordinates matching the expected ones from the previous neutron diffraction investigation 13 and crystalline α-SrSiO 3 (ICSD n° 59308). 54 As before, no other peaks than α-SrSiO 3 were observed in Sr 0. 55 35 (lower tick marks in b).
Results and Discussions

Phase identification with XRD
Phase identification with multinuclear 29 Si, 23 Figure 2a and shows a sharp resonance at -84.8 ppm in addition to broad signals between -77 ppm and -99 ppm, as observed by Evans et al. 12 and Tealdi et al. 14 The sharp line is typical of a crystalline phase (as also evidenced by the long T 1 relaxation time of 29 Si estimated around 60 min) and is assigned to α-SrSiO 3 based on its shift. 55 The broad line and its short 20 The tail results from a distribution of quadrupolar couplings 58 and
indicates the presence of significant structural disorder and a range of Na sites (also corroborated by the short T 1 time measured of 98 ± 11 ms). All these observations are therefore in agreement with the presence of an amorphous Na-containing glass in Sr 0.55 Na 0.45 SiO 2.775 . A
MAS spectrum recorded at a higher field of 20 T yields a narrower line, as anticipated, 59 nevertheless no additional Na site is observed as is commonly observed in glasses.
In contrast to Sr 0. 55 . 38 Note that these line shapes are offset from δ iso,cs by the isotropic second-order quadrupolar shift δ iso,Q (δ iso,Q = 9.9 ppm and 2.2 ppm at 9.4 and 20 T, respectively) which varies inversely with the square of the strength of the magnetic field.
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Figure S1 presents the 17 23 Na line width ν and peak maxima position δ max have been plotted in Figure 5 to give an overall indication of the line narrowing and change in δ max with temperature, however the full analysis of the change in quadrupolar line shape with temperature results from a complex combination of 2 nd order effects and dynamical shifts which are beyond the scope of this work. Figure 4 . Representative high temperature 23 Na static NMR spectra of (a) Sr 0. 55 (Figure 4b ) remains broad and is virtually unchanged (Figure 5a ) as the temperature is increased to 360 °C, the integral of the spectra decreasing due to unfavourable Boltzmann distribution at high temperature. The lack of change in line shape is a clear indication of the absence of Na ion dynamics and poor Na ion mobility as expected in α-Na 2 Si 2 O 5 and as determined by both its low conductivity 16 and the small atomic displacements computed by ab initio molecular dynamics simulation. 19 Figure 5. Temperature dependence of the (a) 23 Na NMR central transition line width ν (taken as full width at half-maximum) and (b) 23 Na peak position maxima δ max of Sr 0. 55 48, 49 to probe further the Na diffusion and in situ crystallisation behaviours ( Figure 6 ). The width of 23 16 Crystallisation starts to occur at 490 °C and peaks at 550 and 650 °C as determined by differential scanning calorimetry (DSC) 16 and was observed in in situ high temperature XRD 16 and by 29 Si MAS NMR spectroscopy during the devitrification of Na 2 O . 2SiO 2 glass. 42 These results are in contrast with the in situ high temperature 29 glass present in the mixture by acting as seeds of the heterogeneous crystallisation.
As the temperature is increased further, the 23 Figure 6 . Representative very high temperature 23 Na static NMR spectra of (a) 48, 49 In (a), 4 times more transients were acquired for the 23 Na NMR data collected at and above 782 °C. In (b), 8 times more transients were acquired for the 23 Na NMR data collected at and above 649 °C. 23 Na spectra at and above 901 °C were obtained with a π/2 pulse length of 26 The change may be associated with some Na dynamics in α-Na 2 23 Na/ 29 Si NMR and XRD ( Figures S2c, S3-4 ).
More specifically, the 29 Si MAS NMR spectrum ( Figure S4) Comparison between the 23 Na static NMR spectra of both melts at 934 °C ( Figure S5) obtained from the as prepared and devitrified Sr 0.55 Na 0.45 SiO 2.775 materials shows very good overlap, confirming that the only Na-containing compound in the molten state is liquid Na 2 Si 2 O 5 .
Na ion mobility: 23 Na spin lattice relaxation rates Probing dynamics and ionic motion could also be achieved from measuring the T 1   -1 and/or T 1ρ -1 rates and yield correlation times on the order of the Larmor frequency (~ 10 8 Hz)
and spin lock frequency (~ 10 3 Hz). 61, 62 The determination of the T 1 -1 and/or T 1ρ -1 rates has, for example, enabled the understanding of the Li ion diffusion processes and its quantification (jump rates, activation energies) in a range of fast lithium ion conductors using 7 Li NMR. 45, [63] [64] [65] [66] A similar approach is used here with 23 Na NMR to shed the light on the sodium dynamics in 23 Na Larmor frequency, the spin lock frequency and the correlation times of the motion) 61, 62 and that the T 1(ρ) -1 rates are sensitive to local site-to-site hopping. The data clearly follows an Arrhenius behaviour highlighting that the relaxation data indeed probes a thermally activated process. Activation energy values for the short range Na diffusion process of 28 ± 2 kJ.mol -1 (from T 1 -1 ) and ~ 22 ± 2 kJ.mol -1 (from T 1ρ -1 above 160 °C) could be extracted.
Upon increasing the temperature further across the various T c (490 -650 °C) of the Na 2 O . 2SiO 2 glass, a short and a long T 1 (plotted as light and dark blue in Figure 12 , respectively) are required to fit the 23 (red in Figure 7 -see below). Above 490 -650 °C, α-Na 20, 44, 67 The lower activation energy obtained from NMR versus impedance is ascribed to the fact that a mobile ion has a greater probability to jump back to its original position rather than to a new site, and while ac impedance probes long range bulk mobility, the slow motional regime (2πν 0 τ c >> 1) of the 23 Na NMR data detected here is being sensitive to local dynamics and short diffusion including unsuccessful jumps. 45, 44 The experimental work presented here addresses the existing debate regarding the nature of the charge carrier in sodium strontium silicates by confirming the existence of fast sodium transport in an amorphous glassy Na 2 O . 2SiO 2 component of the sample. These results highlight some potential materials issues with alkali metal substitution strategies for high temperature inorganic solid state electrolytes. However, we hope it will also highlight further the potential for using non crystalline solids as fast ionic transport.
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